Six bacteriophages active against Leuconostoc fallax strains were isolated from industrial sauerkraut fermentation brines. These phages were characterized as to host range, morphology, structural proteins, and genome fingerprint. They were exclusively lytic against the species L. fallax and had different host ranges among the strains of this species tested. Morphologically, three of the phages were assigned to the family Siphoviridae, and the three others were assigned to the family Myoviridae. Major capsid proteins detected by electrophoresis were distinct for each of the two morphotypes. Restriction fragment length polymorphism analysis and randomly amplified polymorphic DNA fingerprinting showed that all six phages were genetically distinct. These results revealed for the first time the existence of bacteriophages that are active against L. fallax and confirmed the presence and diversity of bacteriophages in a sauerkraut fermentation. Since a variety of L. fallax strains have been shown to be present in sauerkraut fermentation, bacteriophages active against L. fallax are likely to contribute to the microbial ecology of sauerkraut fermentation and could be responsible for some of the variability observed in this type of fermentation.
Industrial sauerkraut fermentation relies on indigenous bacterial populations initially present on raw cabbage (42) . Several members of the lactic acid bacterium family are known to contribute to the complex sauerkraut fermentation, including Leuconostoc mesenteroides, Lactobacillus brevis, Pediococcus pentosaceus, and Lactobacillus plantarum (42) . Leuconostoc species, including L. mesenteroides and L. fallax, are known to be present and to be predominant in the early heterofermentative stage of this fermentation (7, 24, 25, 36, 42) .
Bacteriophage contamination is an important problem that is common in food fermentations, especially in the dairy industry. Among the bacteriophages that infect lactic acid bacteria, those specific for Streptococcus and Lactococcus species have been investigated most extensively (1) . In contrast, little information is available on bacteriophages of Leuconostoc species. It was shown recently that phages active against lactic acid bacteria, including L. mesenteroides, L. plantarum, and P. pentosaceus, are present in pickle and sauerkraut fermentations (6, 57) . Leuconostoc phages have also been identified as factors responsible for the failure of fermentations of several foods, including wine, coffee, and dairy products (4, 9, 18, 19, 27, 28, 39, 48, 49, 50) .
Bacteriophages have the potential to control population levels and microbial diversity in natural bacterial communities (12) . The interactions between bacterial and phage populations have been studied in dairy cultures (21) , soil environments (17, 41) , aquatic environments (8, 11, 12, 29, 54) , and the phytosphere (5) . To understand microbial succession and diversity in the complex sauerkraut fermentation, we must consider the roles and impact of bacteriophages.
The primary objective of this work was to investigate the presence of bacteriophages attacking L. fallax in a commercial sauerkraut fermentation. A comparative study of such phages was conducted in order to determine their morphologies, structural proteins, host ranges, growth characteristics, and genomes.
MATERIALS AND METHODS
Bacterial strains. Cultures were stored at Ϫ80°C in MRS broth (Difco Laboratories, Detroit, Mich.) with 15% glycerol. Frozen cultures were propagated overnight prior to experiments. All bacterial strains were grown on MRS (20) plates or in MRS broth and incubated at 30°C aerobically. Bacterial strains and phages used in this study are shown in Table 1 .
Phage isolation and preparation. Sauerkraut brine samples were obtained from an industrial fermentation tank inoculated with a single-strain L. mesenteroides starter culture. All phages were isolated after either 2 or 3 days of fermentation. The sauerkraut brines were centrifuged (5,000 ϫ g, 10 min), and the resulting supernatants were filter sterilized (0.45-m-pore-size membrane) and checked for phages by the overlay agar method (2) by using L. fallax strains as potential hosts. The L. fallax strains used in this study were isolated previously from sauerkraut fermentation (7). Bacteriophages were purified by the method described by Chow et al. (16) . Bacterial cells (100 l from an overnight culture) were mixed with a solution containing 100 l of sauerkraut brine, 100 l of 300 mM CaCl 2 (52) , and 3 ml of soft agar (0.7%, wt/vol) stored at 50°C before it was overlaid onto MRS agar plates. Phage lysates were prepared from plaques formed on the overlay plates. Single plaques were picked, mixed with 500 l of bacterial cells in the early exponential growth phase (optical density at 600 nm, 0.2 to 0.3), 30 l of CaCl 2 (300 mM), and 500 l of fresh MRS broth, and incubated at 30°C overnight. Double-layer plates containing each phage were prepared to obtain confluent lysis of the hosts. The plates were then flooded and mixed with 3 ml of MRS broth, and the liquid part was recovered. Liquid stocks of bacteriophages were prepared by infecting early-exponential-phase L. fallax cells. Each infected culture was incubated at 30°C for 3 to 5 h, which resulted in complete lysis of the culture. Cell debris was removed by centrifugation (5,000 ϫ g, 10 min), and the phage lysates were sterilized by membrane filtration (pore size, 0.45 m). The bacteriophages were precipitated at 4°C overnight in the presence of polyethylene glycol 8000 (10%, wt/vol) and NaCl (2.9%, wt/vol). Rapid bacteriophage sedimentation in the presence of polyethylene glycol was used for phage purification by phase partitioning (56) . Phage pellets were collected by centrifugation (8,000 ϫ g, 20 min). The bacteriophage pellets were resuspended in deionized water (1 to 2 ml), which allowed 50-to 100-fold concentration of the original lysate. DNase I and RNase A were each added to a final concentration of 1 g/ml, and the preparations were incubated for 30 min at 35°C. Bacteriophage particles were purified further by ultracentrifugation in a three-step CsCl gradient (1.4, 1.5, and 1.7 g/cm 3 ) (47) . After centrifugation at 600,000 ϫ g for 7 h with an S100 AT6 rotor in an RC M150 GX ultracentrifuge (Sorvall, Newtown, Conn.), the visible band of bacteriophage particles was extracted with a needle (47) and dialyzed with a 8,000-Da-molecular-size-cutoff membrane (Baxter Diagnostics Inc., McGaw Park, Ill.) against 500 ml of deionized water for 6 h, with five changes of water. Purified bacteriophage suspensions were stored at 4°C.
Electron microscopy. Aliquots of a bacteriophage sample obtained by ultracentrifugation were subjected to electron microscopy for morphological analysis. Purified phage particles were negatively stained with 2% (wt/vol) uranyl acetate, deposited on carbon-coated grids (Ladd Research Industries Inc., Burlington, Vt.), and examined with a JEOL 100 CX II electron microscope (JEOL, Peabody, Mass.) at an accelerating voltage of 80 kV.
Bacteriophage host range. Phage host range was established by using the spot test method (15) . The plate inoculum consisted of 3 ml of soft agar mixed with 100 l of an overnight culture and 100 l of CaCl 2 (300 mM). This mixture was briefly vortexed and spread inoculated onto the surface of an MRS agar plate (2) . Single drops (serial dilutions of 5 l) of each phage lysate were spotted onto the inoculated MRS agar plates, and the plates were incubated overnight at 30°C. Bacterial sensitivity to a bacteriophage was established by bacterial lysis at the spot where the phage lysate drop was deposited. Phage typing of each strain was done three independent times. Positive spot tests were confirmed by titration assays by using diluted phage preparations.
SDS-PAGE analysis of phage proteins. Bacteriophage structural proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Aliquots of a bacteriophage sample obtained by ultracentrifugation were subjected to electrophoresis with a 10 to 20% Tris-Tricine continuousgradient precast Novex gel (Novex, San Diego, Calif.). A 20-l aliquot of phage from a CsCl-purified high-titer phage lysate was mixed with 7 l of 4ϫ sample buffer and 3 l of 10ϫ NuPAGE sample reducing buffer (Novex). The mixture was heat treated at 100°C for 3 min. The resulting sample was loaded onto the polyacrylamide gel, and electrophoresis was carried out at 200 V for 40 min. Proteins were visualized on gels and were stained with Coomassie brilliant blue.
Bacteriophage DNA isolation. A modification of the procedure of Durmaz and Klaenhammer (22) was used for bacteriophage DNA isolation and purification. One hundred milliliters of phage lysate was incubated for 1 h at 37°C after addition of DNase I and RNase A (2 mg/ml). Polyethylene glycol 8000 and NaCl were added to final concentrations of 10% (wt/vol) and 3% (wt/vol), respectively. After gentle mixing, the samples were incubated overnight at 4°C. The phages were pelleted by centrifugation at 8,000 ϫ g for 20 min, and the supernatants were discarded. The phage pellets were resuspended in 1 ml of 50 mM Tris (pH 8.0). Six 500-l phage suspensions were extracted two or three times with 500 l of phenol and then twice with phenol-chloroform-isoamyl alcohol (25:24:1). The nucleic acids were precipitated with 50 l of 3 M sodium acetate and 1 ml of 70% (vol/vol) ethanol and resuspended in 50 l of Tris-EDTA buffer.
Genome fingerprinting by restriction fragment length polymorphism (RFLP) analysis. Purified bacteriophage DNA samples were subjected to restriction enzyme digestion with AluI, BamHI, EcoRI, HindIII, MboI, RsaI, and Sau3AI as suggested by the manufacturer (Promega Corp., Madison, Wis.). The restriction digests were separated on a 0.8% agarose gel and stained with ethidium bromide.
Genome fingerprinting by RAPD analysis. The method used for randomly amplified polymorphic DNA (RAPD) analysis (54, 55) was derived from the method of Johansson et al. (33) . Nine-mers with a GϩC content of 80% were designed. The following primers were used in this study: primer A (5ЈACGCG CCCT3Ј) and primer B (5ЈCCGAGTCCA3Ј) (Genosys Biotechnologies Inc., The Woodlands, Tex.). Each 100-l reaction mixture for RAPD PCR analysis of bacteriophage DNA contained 66 l of water, 10 l of thermophilic DNA polymerase 10ϫ PCR buffer, 10 l of 25 mM MgCl 2 , 1 l of a deoxynucleoside triphosphate mixture, 100 pmol of primer (Genosys Biotechnologies Inc.), 0.2 g of DNA template, and 1 l of Taq DNA polymerase (Promega). An initial denaturation step (95°C for 3 min) was performed with the reaction mixture prior to addition of Taq polymerase. DNA amplification was performed with a Gradient 96 Robocycler (Stratagene, La Jolla, Calif.) thermal cycler programmed as follows: 10 min at 94°C; four cycles of 45 s at 94°C, 2 min at 30°C, and 45 s at 72°C; 36 cycles of 15 s at 94°C, 30 s at 36°C, and 45 s at 72°C; and 10 min at 72°C. The DNA banding patterns were examined by 5% acrylamide gel electrophoresis, and a 1-kb ladder (Gibco-BRL, Grand Island, N.Y.) was used to provide size standards.
Disclaimer. Mention of a trademark or proprietary product does not constitute a guarantee or warranty of the product by the U.S. Department of Agriculture or North Carolina Agricultural Research Service, nor does it imply approval to the exclusion of other products that may be suitable.
RESULTS
Morphological diversity. Six bacteriophages were examined by electron microscopy (Fig. 1) . All the phages examined had tails and thus belonged to the order Caudovirales. The phages were assigned to two virus families on the basis of their morphological features. Phages R01, R09, and R19 had isometric heads and long flexible noncontractile tails, consistent with the family Siphoviridae or Bradley's group B1 (1, 10) . The other bacteriophages, R03, R05, and R12, had isometric heads, visible collars, and shorter contractile tails with terminal base plates, which are characteristics of the family Myoviridae or Bradley's group A1 (1, 10). The morphological characteristics of these bacteriophages are summarized in Table 2 .
Host ranges. All of the phages isolated from the sauerkraut brines were selectively lytic against L. fallax strains. The phages were not observed to lyse other Leuconostoc species included in this study. Within L. fallax, each of the six phages exhibited a distinctive host range, as shown in Table 3 .
Phage protein analysis. To further characterize the two phage families, which are distinguishable by morphology, the structural protein composition was analyzed by SDS-PAGE (Fig. 2) . Two or three main structural proteins, as well as several minor proteins, were detected (data not shown). All three phages assigned to the Myoviridae family showed the same protein patterns as R03, with two major structural proteins at 51 and 63 kDa. Two distinct patterns were observed for the Siphoviridae phages. Major 24-and 30-kDa structural proteins were detected for R01, whereas R09 and R19 had three major proteins (24, 36, and 50 kDa). The profiles of the Myoviridae phages were different from those of the Siphoviridae bacteriophages. It has been observed previously that the major structural proteins of phages classified in the same DNA homology group are conserved (45) . The protein patterns showed that members of the same morphotype have common structural proteins and that protein patterns can be used for phage morphotype characterization and differentiation. Genome fingerprinting by RFLP analysis. All the Myoviridae phage DNA samples were sensitive to BamHI, EcoRI, and HindIII and exhibited different but closely related restriction endonuclease patterns, and common bands appeared for the three phages. The EcoRI digestion patterns of Myoviridae phages are shown in Fig. 3 . In contrast, the Siphoviridae phage DNA samples were highly refractory to digestion by several endonucleases, including AluI, BamHI, EcoRI, HindIII, RsaI, and Sau3AI (data not shown). Interestingly, only the Siphoviridae phage R09 DNA sample was digested by MboI. The phage genome sizes estimated from RFLP patterns were approximately 59, 41, and 46 kb for R03, R05, and R12, respectively. The DNA electrophoretic patterns of the phages resistant to endonucleases suggested that the other genomes are between approximately 40 and 55 kb long. The difference in sensitivity to restriction endonucleases provides further evidence that the L. fallax phages isolated from sauerkraut fermentation belong to two different phage families.
Genome fingerprinting by RAPD analysis. RAPD fingerprinting of the DNA of the six L. fallax bacteriophages is shown in Fig. 4 . The primers used for RAPD characterization of bacteriophage DNA have been used previously for characterization of bacteria (7, 13, 33, 44) . When primer B was used (Fig. 4A) , all of the phages exhibited very different patterns, showing that all six phages are genetically unique and could be distinguished by RAPD fingerprinting. In contrast, when primer A was used (Fig. 4B) , some similar bands were observed for phages belonging to the same family. Identical RAPD patterns were obtained in two different series of experiments (data not shown); however, the relative intensities of some of the bands were not consistent.
DISCUSSION
This is the first report of bacteriophages active against L. fallax. In this study, we confirmed the presence of bacteriophages in a sauerkraut fermentation and demonstrated that individual L. fallax strains can be susceptible to more than one phage and members of more than one phage family. The six phages isolated from sauerkraut fermentation could be classified in two different families on the basis of morphology, structural proteins, and DNA fingerprinting. Bacteriophages are ubiquitous and likely to be prevalent in environments with high densities of metabolically active bacteria (40) . Therefore, it was not surprising that L. fallax phages were isolated within 3 days after the initiation of fermentation, while Leuconostoc strains are thought to predominate (7, 24, 25, 42) .
RAPD analysis of phage DNA provided a simple and reproducible method for differentiation of bacteriophages that were specific for L. fallax. Closely related phages in each family could be distinguished by using two primer sets. Use of RAPD for investigation of phage DNA relatedness also showed that bacteriophages with common morphotypes have common DNA bands. This method has been used extensively for microbial characterization, differentiation of closely related bacterial species, and identification of strain polymorphisms (31, 33, 58) . Traditional polymorphism assays that are based on the PCR require target DNA sequence information for the design of amplification primers. In our case, no phage DNA sequence was available; therefore, amplification of phage DNA with arbitrary nucleotide sequence primers offers the advantage of detection of DNA polymorphisms in the absence of specific primers. RAPD analysis has several advantages over RFLP analysis, including no need for DNA purification, no need for prior knowledge of the molecular biology of the organism investigated (53), sensitivity, discriminatory power, and typing of DNA regions which are not accessible to RFLP analysis due to the presence of repetitive sequences (55) . RAPD markers are well suited for DNA fingerprinting and provide an efficient assay for phage polymorphisms. In this study, RAPD phage fingerprinting results suggested that the six L. fallax phages were related but distinct. Phage genome fingerprinting with RAPD has been reported previously (43) , and the results presented in this study show that RAPD analysis can be used as a rapid method for identification, typing, and discrimination of bacteriophages. Since several of the L. fallax phages produced similar bands, it should be possible to sequence these bands, determine their homologies, and design specific primers for direct detection of phage strains. DNA primers derived from RAPD fragments were recently used to specifically detect some members of the lactic acid bacteria (23, 38, 51) . Also, a multiplex PCR protocol was developed for specific detection of three Lactococcus lactis phage species, showing that conserved regions of phage genomes can be used to design species-specific primers (35) .
One interesting observation made during this study was the insensitivity of the Siphoviridae phages to restriction endonucleases. Bacteriophage resistance to restriction enzymes is common and has been reported previously (32, 33, 45, 46) . Sixteen Campylobacter phages have been shown to be refractory to digestion by a number of commonly used restriction enzymes (46) . Also, some L. lactis bacteriophages have been found to be highly refractory to digestion by several restriction enzymes (45) . Several explanations have been proposed to explain phage DNA resistance to restriction enzymes, usually referred to as antirestriction mechanisms (37) . Foremost among these explanations is the hypothesis that phage genomes adapt under the selection pressure of widespread restriction-modification systems (3, 26) and lose restriction sites naturally during evolution (37) . Another explanation for the phage DNA insensitivity is integration of unusual bases in the viral DNA, such as hydroxymethyl uracil or hydroxymethyl cytosine, that make the DNA somewhat refractory to endonuclease cleavage (32) . Alternatively, phage genomes may encode methyltransferases that modify specific nucleotides within the recognition site of one or more of the restriction endonucleases (30, 34, 45, 46) . The varied distribution of restriction endonuclease sites in different phage species further supports the hypothesis that there is an adaptive mechanism involving loss of restriction sites (37) and the transfer of methylase genes in phage genomes (30) . The frequency of restriction endonuclease sites and phage sensitivity to restriction enzymes have been shown to decrease with time, suggesting that there is a phage adaptive mechanism (37) . In the present study of L. fallax phages, Siphoviridae phages exhibited little sensitivity to restriction enzymes, whereas Myoviridae phages were sensitive to all of the restriction enzymes tested, which might suggest that there was long-term evolution of the former phages. Whatever the mechanism, it is clear that the two families of L. fallax phages are different, and the data suggest that Siphoviridae phages exhibit clear distinctions in susceptibility to restriction enzymes and probably restriction-modification systems.
Since diverse L. fallax strains have been shown to be present in sauerkraut fermentations (7), the presence of phages might interfere with natural fermentation and affect microbial ecology. Bacteriophage diversity is observed naturally in the environment (14) , and it seems logical that phage variety reflects microbial variety and distribution in sauerkraut. In addition, natural L. fallax strain variety may prevent severe fermentation disturbance by bacteriophages. This study emphasizes the need for further investigations of phage ecology in sauerkraut fermentation in order to gain a more complete understanding of microbial interactions and succession. The heterofermentative stage of sauerkraut fermentation is very critical for establishing the proper conditions for microbial succession and ultimately the final quality of the product. L. fallax strains are clearly present during this stage (7) and, based on this study, are susceptible to lytic phage attack. None of the L. fallax strains isolated were sensitive to all of the bacteriophages, suggesting that sensitive and resistant populations may fluctuate during this stage of fermentation. The L. fallax-specific phages were diverse and thus should be expected to affect the course of events in this fermentation ecosystem. Efforts to control the initial stage of sauerkraut fermentation must consider the predominance of L. fallax and the involvement of lytic phages attacking this species. In this regard, use of L. fallax and L. mesenteroides starter cultures will likely face significant obstacles and require selection and development of phage-resistant varieties. The quantitative role of bacteriophages in the sauerkraut fermentation ecosystem and the influence of bacteriophages on population dynamics, microbial succession, microbial diversity, and genetic transfer remain to be investigated.
